Glaucoma is the second leading cause of blindness around the world. Elevated IOP is the major risk factor of the development and progression in all glaucoma subtypes.[@bib1]^−^[@bib3] In patients with POAG, IOP elevation is primarily due to a decrease in aqueous humor outflow facility. The abnormal accumulation of extracellular matrix (ECM) in the trabecular meshwork (TM) is thought to play an important role in the pathogenesis of POAG.[@bib4]^,^[@bib5] This phenomenon will lead to increased AH outflow resistance, and elevated IOP.[@bib6]^,^[@bib7] The primary biological cause of ECM accumulation in the TM is not known. However, TGF-β2 is hypothesized to be a significant player. The level of TGF-β2 has been reported to be elevated in the aqueous humor and TM of patients with POAG.[@bib8]^--^[@bib12] Furthermore, TGF-β2 has also been shown to increase ECM accumulation in the TM, and most importantly, to cause elevated IOP in both ex vivo human anterior segment perfusion[@bib13] and in mouse eyes.[@bib14]

At present, many therapeutic agents are effective in reducing IOP, but none are designed to address the underlying pathogenesis mechanisms, such as ECM accumulation, that lead to IOP elevation. Consequently, currently available glaucoma treatments decrease the IOP, but have no effect on the cause of the pathogenesis of POAG. They do not stop the disease progression. Thus, improvement in ECM accumulation and fibrotic changes in the TM may serve as a conceptually novel and promising direction that mitigate the disease progression for the treatment of glaucoma.[@bib15]

Osthole ([Fig. 1](#fig1){ref-type="fig"}) is a coumarin derivative, which can be extracted from the fruit of *Cnidium monnieri*, *Angelica archangelica*, or *Angelica pubescens*. It has been shown to have various therapeutic effects and a good safety profile compared with other natural products, which makes it a promising compound for drug discovery. Importantly, osthole seems to interact with TGF-β and has antifibrotic actions in many tissues. For example, Hou et al.[@bib22] demonstrated that osthole inhibits the growth of hypertrophic scar fibroblasts through apoptosis and decrease in the expression of TGF-β1. Liu et al.[@bib23] reported that osthole inhibits the TGF-β1 and Smad signaling pathway-stimulated expressions of collagen I and III in mouse cardiac fibroblasts. Chen et al.[@bib24] showed that osthole reduces the level of TGF-β1 expression via the activation of peroxisome proliferator activated receptor α/γ and subsequent inhibition of nuclear factor-κB in myocardial tissues to prevent isoprenaline-induced myocardial fibrosis in mice. Zhang et al.[@bib25] showed that osthole prevents fibroblast activation and epithelial-mesenchymal transition to hinder renal fibrosis in UUO mouse. Liu et al.[@bib26] showed that osthole alleviates TGF-β1 to improve the histologic architecture and decrease collagen and α-smooth muscle actin accumulation, and improves hepatic fibrosis scores.

![Chemical structure of osthole (C~15~H~16~O~3~; formula weight = 244.29).](iovs-61-10-38-f001){#fig1}

Based on these intriguing findings of the antifibrotic effects of osthole, we hypothesized that osthole may improve the fibrotic changes of the TM by reducing ECM accumulation, and consequently lower IOP. In the present studies, we found that indeed osthole inhibited TGF-β2--induced ECM expression, as represented by fibronectin (FN), collagen IV (COL-IV), and laminin (LN), in cultured human TM (HTM) cells, and lowered TGF-β2--induced ocular hypertension in the mouse.

Methods {#sec2}
=======

Cell Culture and Treatment {#sec2-1}
--------------------------

Primary HTM cells were isolated from fresh human volunteer donor eyes and characterized as previously described.[@bib27] The cells were cultured at 37°C with 5% CO~2~ in Dulbecco\'s modified Eagle\'s medium (Gibco, Halethorpe, MD) supplemented with glutamine, penicillin/streptomycin, and 10% fetal bovine serum (Invitrogen-Gibco, Carlsbad, CA).

Cells of passages 4 to 8 were used in the present study. For cell proliferation assay, cells were treated with osthole (purity = 99.4%, MedChemExpress, Monmouth Junction, NJ; dissolved in dimethylsulfoxide, then diluted 1000× with culture medium) at the indicated concentrations for 1 or 4 days. For RT-qPCR, Western blot, and immunocytochemistry studies, cells were treated with or without recombinant human TGF-β2 (5 ng/mL; R&D Systems, Minneapolis, MN) for 48 hours, followed by osthole treatment for 24 hours. During the TGF-β2 induction period, cell medium was replaced daily with fresh TGF-β2. All experiments were performed at least three separate times.

Cell Proliferation Assay {#sec2-2}
------------------------

HTM cells were seeded at a density of 5 × 10^3^ cells/well in a 96-well plate with 100 µL culture medium. At 1 day and 4 days after seeding, the culture medium was replaced by a culture medium containing 10 µL Cell Counting Kit-8 reagent (MedChemExpress, Monmouth Junction, NJ). Optical density at A450 was measured. Cell proliferation was expressed as percentage of that of the vehicle control group.

RT-qPCR {#sec2-3}
-------

RNA isolation was performed with the RNeasy mini kit (Qiagen, Inc., Valencia, CA), and the subsequent synthesis of cDNA was performed using the QuantiTect reverse transcription kit (Qiagen). RT-qPCR was performed using SYBR Green Master Mix (Qiagen). Results from HTM cells were normalized to the internal control glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primer sequences were as follows: FN (forward: 5ʹ-AAGACCAGCAGAGGCATAAGG-3ʹ; reverse: 5ʹ-TGTAGGGGTCAAAGCACGAG-3ʹ), COL-IV (forward: 5ʹ-TAGAGAGGAGCGAGATGTTC-3ʹ; reverse: 5ʹ-GTGACATTAGCTGAGTCAGG-3ʹ), LN (forward: 5ʹ-AGCACTGTGGAGCAGTCAGC-3ʹ; reverse: 5ʹ-TTGCCTGCCAGTTCATCAAG-3ʹ), GAPDH (forward: 5ʹ-CGAGATCCCTCCAAAATCAA-3ʹ; reverse: 5ʹ-GTCTTCTGGGTGGCAGTGAT-3ʹ).

Protein Extraction and Western Blot Analysis {#sec2-4}
--------------------------------------------

HTM cells were washed with prechilled PBS and harvested on ice. Total protein was extracted using a lysis buffer (pH 6.8, CWBIO, Beijing, China) supplemented with 5% β-mercaptoethanol (Sigma-Aldrich, St. Louis, MO). Protein concentration was determined using a Bicinchoninic Acid Protein Assay Kit (CWBIO). Western blots were performed as previously described.[@bib27] Briefly, 20 µg protein samples were denatured at 100°C for 10 minutes, separated on an 8% or 12% sodium dodecyl sulfate polyacrylamide gel, and transferred to a polyvinylidene difluoride membrane. The polyvinylidene difluoride membrane was washed, blocked with 5% nonfat milk for 1 hour at room temperature, and then incubated overnight at 4°C with primary antibodies, including rabbit polyclonal FN antibody (1:1000; catalog \#ab2413; Abcam, Cambridge, MA), rabbit polyclonal COL-IV antibody (1:1000; catalog \#ab6586; Abcam), rabbit polyclonal LN antibody (1:1000; catalog \#ab11575; Abcam), and rabbit polyclonal GAPDH antibody (1:2000; catalog \#ab9485; Abcam). On the next day, the membrane was washed and incubated with corresponding horseradish peroxidase-conjugated anti-rabbit IgG (1:2000; catalog \#14708; Cell Signaling Technology, Danvers, MA) for 2 hours at room temperature. Following washes, the membrane was treated with enhanced chemiluminescence plus reagents (Millipore, Billerica, MA), then washed several times and scanned by hypersensitive chemiluminescence analyzer (Amersham Imager600; GE, Pittsburgh, PA). The protein density of every band was analyzed with ImageJ software (National Institutes of Health, Bethesda, MD).

Immunocytochemistry {#sec2-5}
-------------------

HTM cells were seeded on coverslips in a 24-well plate with a density of 8 × 10^4^ cells/well. The cells were washed with PBS twice, fixed with 4% paraformaldehyde for 30 minutes at 4°C, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 30 minutes, and blocked with 5% goat serum (Life Technologies, Grand Island, NY) for 2 hours at room temperature. The cells were then incubated overnight at 4°C with primary antibodies, including rabbit polyclonal FN antibody (1:200; Abcam), rabbit polyclonal COL-IV antibody (1:100; Abcam), and rabbit polyclonal LN antibody (1:200; Abcam). Cells were washed and incubated with Alexa 488-conjugated secondary antibodies (1:200; Invitrogen-Gibco) for 2 hours at room temperature. Afterward, the coverslips were mounted with ProLong Gold Antifade with DAPI (Life Technologies). Cell images were captured by the CellSens Standard electronic system (Olympus Optical Co. Ltd., Tokyo, Japan) under a fluorescence microscope (BX51, Olympus Optical Co. Ltd., Tokyo, Japan) using identical optical parameters.

Animals {#sec2-6}
-------

BALB/cJ mice used in this study were obtained from Charles River Lab (Beijing, China). All mice were male and 3 to 4 months old at the start of the experiments, and were maintained on a 12-hour light/12-hour dark cycle (lights on 6:00 AM). Food and water were available ad libitum. All mice were euthanized by cervical dislocation after anesthesia overdose.

All experiments were conducted in compliance with the ARVO Statement of the Use of Animals in Ophthalmic and Vision Research and the Shanghai Jiaotong University Animal Care and Use Committee guidelines.

In Vivo Treatments {#sec2-7}
------------------

To induce ocular hypertension, one eye of each mouse was injected intravitreally with an adenoviral vector encoding a bioactive mutant of human TGF-β2 (Ad.hTGF-β2^226/228^).[@bib14] At the day of vector injection (day 0), mice were anesthetized by intraperitoneal injection of a solution containing acepromazine (1.8 mg/kg), ketamine (73 mg/kg), and xylazine (1.8 mg/kg). A randomly assigned eye of each animal was pretreated with 1 or 2 drops 1% cyclopentolate (Mydriacyl; Alcon, Fort Worth, TX) to dilate the pupil, then topically anesthetized with 1 or 2 drops of 0.5% proparacaine (Alcaine; Alcon). A suspension of Ad.hTGF-β2^226/228^ (6 × 10^7^ pfu) in a volume of 2 µL was injected intravitreally using a Hamilton (Reno, NV) glass micro-syringe fitted with a 1-inch, 33G needle with a 10° bevel, as described previously.[@bib14] Each injection was made over the course of approximately 30 seconds. The needle was then left in place for an additional 1 minute before being rapidly withdrawn. The contralateral eye served as a noninjected control. An additional control group was injected intravitreally with a null adenoviral vector (Ad.Empty; 6 × 10^7^ pfu in 2 µL) in one eye.

The Ad.hTGF-β2^226/228^-injected animals were further divided into three groups: (1) no osthole treatment, (2) osthole (30 mg/kg, intraperitoneal injection, daily) starting at day 0 (same day as Ad.hTGF-β2^226/228^ injection), and (3) Osthole (30 mg/kg, intraperitoneal injection daily) starting at day 14. The dose of 30 mg/kg was selected based a previous report,[@bib28] and was confirmed efficacious in a pilot study.

All IOP measurements were conducted between 2 PM and 4 PM, right before Osthole treatment, using the TonoLab rebound tonometer (Icare, Finland), as described.[@bib29] The researcher who measured IOP was masked regarding identities of study groups.

Quantitative PCR and Western Blot Analysis {#sec2-8}
------------------------------------------

To detect RNA and protein changes at the peak of the IOP increase, eyes were harvested at day 60 after injection. Whole eyes from each group of mice were collected for qPCR analysis. The sclera rings were carefully dissected from the whole eye. Sclera rings contained mainly TM tissue and a small amount of sclera and cornea. Great effort was made to dissect away as much of the sclera and cornea as possible. Samples were homogenized and RNA extracted in Isol-RNA Lysis Reagent (5PRIME, Gaithersburg, MD) and reverse-transcribed to cDNA (Bio-Rad iScript cDNA synthesis Kit; Bio-Rad, Hercules, CA). Each PCR reaction contained 10 µL 2× iQ SYBR Green Supermix (Bio-Rad), 0.25 µL forward primer (100 µM), 0.25 µL reverse primer (100 lM), 8.5 µL dH~2~O, and 1.0 µL cDNA template (25 ng/µL). Primer pairs used in PCR reactions include β-actin (forward: 5ʹ-CCATGTACGTAGCCATCC-3ʹ; reverse: 5ʹ-TCAGCTGTGGTGGTGAA-3ʹ), FN (forward: 5ʹ-ACAGTCCAGCAAGCAGCAAGC-3ʹ; reverse: 5ʹ-TGGTGGTCACTCTGTAGCCTGTC-3ʹ), COL-IV (forward: 5ʹ-TAGAGAGGAGCGAGATGTTC-3ʹ; reverse: 5ʹ-GTGACATTAGCTGAGTCAGG-3ʹ), LN (forward: 5ʹ-TGCTCACAAGACGGCGAATAAGAC-3ʹ; reverse: 5ʹ-ATCGTAATGCCTTGCTGCTTCCTC-3ʹ).

Similarly, tissue was collected for Western blot analysis by dissecting the sclera rings as described elsewhere in this article. The tissue was placed in lysis buffer and manually homogenized using a small plastic tissue homogenizer in a 1.5-mL microcentrifuge tube. Primary antibodies: rabbit polyclonal FN antibody (1:200; Abcam), rabbit polyclonal COL-IV antibody (1:100; Abcam), and rabbit polyclonal LN antibody (1:200; Abcam). β-Actin expression (mouse anti--actin; EMD Millipore) was used as a loading control for each blot.

Statistical Analysis {#sec2-9}
--------------------

Data are presented as mean ± SEM. One-way ANOVA was used to compare results among three or more groups, followed by least significant difference post hoc analysis. *P* values of less than 0.05 were regarded as statistically significant.

Results {#sec3}
=======

Osthole and TGF-β2 Had Minimal Effects on HTM Cell Viability {#sec3-1}
------------------------------------------------------------

Osthole (up to 10 µM) did not significantly affect HTM cell viability (95.5% ± 1.5% compared with control 100.0% ± 2.2%, mean ± SEM; *n* = 5; *P* \> 0.05) after a 1-day incubation ([Fig. 2](#fig2){ref-type="fig"}). Similarly, at day 4, cell viability was not significantly changed by osthole at concentrations up to 10 µM (94.7% ± 1.0% compared with control 100.0% ± 2.1%, mean ± SEM; *n* = 5; *P* \> 0.05). These data suggest that osthole had minimal toxicity to the cells, and results of subsequent studies were not due to unexpected cell toxicity.

![Effects of osthole on HTM cell survival. Different concentrations (1, 3, 10, 30, and 100 µM) of osthole was added to the HTM cells. At 1 day or 4 days after osthole treatment, cell viability was measured by CCK8 assay. Data are presented as mean ± SEM (*n* = 5). \**P* \< 0.05, \*\*\**P* \< 0.001 compared with controls. The mean value of control samples defines 100%. Ost, osthole.](iovs-61-10-38-f002){#fig2}

Osthole Decreased TGF-β2--Induced Expressions of FN, COL-IV, and LN in HTM Cells {#sec3-2}
--------------------------------------------------------------------------------

We used RT-qPCR to evaluate the effects of osthole on ECM expression in cultured HTM cells. After 48 hours of incubation with TGF-β2 (5 ng/mL), mRNA levels of FN, COL-IV, and LN were all significantly (*P* \< 0.05) elevated to 1.62 ± 0.06-fold (FN), 1.60 ± 0.06-fold (COL-IV), and 1.39 ± 0.07-fold (LN) (all *n* = 3) of that of control group. These effects of TGF-β2 were decreased in a concentration-dependent manner by osthole treatment. For example, in the presence of 10 µM osthole, the TGF-β2 effects were significantly (*P* \< 0.05) diminished, and ECM levels returned to close to their respective control level (relative to control level, FN: 1.08 ± 0.17-fold; COL-IV: 0.91 ± 0.11-fold; and LN: 1.03 ± 0.09-fold) ([Figs. 3](#fig3){ref-type="fig"}A--[3](#fig3){ref-type="fig"}C).

![Effects of TGF-β2 and osthole on the expression of ECM in HTM cells. Cells were treated with TGF-β2 (5 ng/mL) for 48 hours, followed by vehicle or osthole (Ost; 1--10 µM) for 24 hours. Levels of mRNA of FN (**A**), COL-IV (**B**), and LN (**C**) were analyzed by RT-qPCR. GAPDH was used as normalizing control. Data are presented as mean ± SEM (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 compared with TGF-β2 alone group. Ost, osthole.](iovs-61-10-38-f003){#fig3}

Similar to the mRNA level changes, protein levels of FN, COL-IV, and LN in HTM cells were also affected by both TGF-β2 and osthole treatments. [Figure 4](#fig4){ref-type="fig"}A shows a representative set of western blotting images indicating TGF-β2 (5 ng/mL) increased expressions of FN, COL-IV, and LN, which was reversed by osthole (10 µM). Densitometry assessment showed that TGF-β2 increased levels of FN to 2.95 ± 0.05 fold of control (*n* = 3), COL-IV to 1.41 ± 0.01 fold, and LN to 2.62 ± 0.05 fold. These effects were partially or completely eliminated by osthole (10 µM). When osthole was added to TGF-β2, the level of FN was significantly decreased to 2.33 ± 0.07 fold of control, COL-IV to 1.09 ± 0.04 fold, and LN to 1.27 ± 0.09 fold (all *P* \< 0.05 compared with the respective TGF-β2--treated group). Interestingly, osthole itself significantly decreased the baseline levels of COL-IV (0.76 ± 0.02, *P* \< 0.05), but not FN (1.19 ± 0.03, *P* \> 0.05) or LN (1.10 ± 0.02-fold, *P* \> 0.05) ([Figs. 4](#fig4){ref-type="fig"}B--[4](#fig4){ref-type="fig"}D).

![Effects of TGF-β2 and osthole on the expression of ECM in HTM cells. Cells were treated with TGF-β2 (5 ng/mL) for 48 hours, followed by vehicle or osthole (Ost, 10 µM) for 24 hours. Levels of the ECM proteins were analyzed by western blotting. A representative immunoblot is shown (**A**). Protein levels of FN (**B**), COL-IV (**C**), and LN (**D**) were quantified using GAPDH as a normalizing internal control. Data are presented as mean ± SEM (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 compared with TGF-β2 alone group. Ost, osthole.](iovs-61-10-38-f004){#fig4}

The observed changes in mRNA and protein levels of these ECM molecules were confirmed by immunocytochemistry. As shown in [Figure 5](#fig5){ref-type="fig"}, the expression of FN, COL-IV, and LN immunoreactivities were upregulated by TGF-β2 (5 ng/mL), which was decreased by the treatment with osthole (10 µM).

![Representative images showing effects of TGF-β2 and osthole on ECM immunoreactivity in HTM cells. Cultured HTM cells were evaluated by immunocytochemistry of FN (**A**), COL-IV (**B**), and LN (**C**) after treatment with TGF-β2 (5 ng/mL) for 48 hours or osthole for 24 hours (10 µM) or both. Scale bar = 100 µm. Studies were each repeated three times with similar results. Ost, osthole.](iovs-61-10-38-f005){#fig5}

Osthole Decreased Mouse Ocular Hypertension Induced by Ad.hTGF-β2^226/228^ {#sec3-3}
--------------------------------------------------------------------------

As previously reported,[@bib24]intravitreal injection of Ad.hTGF-β2^226/228^ in BALB/cJ mice induced ocular hypertension. Significantly elevated IOP occurred starting at day 7 after vector injection and reached a plateau from approximately days 14 to 60. The IOP at day 14 was 31.67 ± 1.02 mm Hg (*n* = 6) in the Ad.hTGF-β2^226/228^--injected eyes, which was significantly higher (*P* \< 0.001) than the noninjected eyes (13.00 ± 0.6 mm Hg) or the Ad.Empty-injected eyes ([Fig. 4](#fig4){ref-type="fig"}A). Using a hand-held ophthalmoscope, we did not observe vector-induced ocular adverse effects, although we could not rule out the possibility of below-detectable level of immune-related responses.

When the animals were also treated by daily intraperitoneal injections of osthole (30 mg/kg) starting at day 0, the Ad.hTGF-β2^226/228^--induced ocular hypertension was decreased . On day 7 after the injections of osthole and Ad.hTGF-β2^226/228^, IOP was 14.88 ± 0.71 mm Hg (*n* = 10), significantly (*P* \< 0.05) lower than that of the Ad.hTGF-β2^226/228^ group (17.17 ± 0.54 mm Hg). This partial decrease of ocular hypertension lasted throughout the whole study period. On day 60, the IOP of the Ad.hTGF-β2^226/228^ + osthole group was 23.44 ± 1.92 mm Hg, which was significantly (*P* \< 0.01) lower than that of the Ad.hTGF-β2^226/228^ group (37.17 ± 1.74 mm Hg) ([Fig. 6](#fig6){ref-type="fig"}A). Osthole did not affect IOP of the control eye. No systemic or ocular adverse effect was observed by gross examination in this study.

![Effects of Ad.hTGF-β2^226/228^ and osthole on mouse IOP. One eye each of 32 mice was injected intravitreally with Ad.hTGF-β2^226/228^ (6 × 10^7^ pfu in 2 µL). The contralateral eye of one-half of the animals was injected with Ad.Empty (6 × 10^7^ pfu in 2 µL) a few minutes later, and the contralateral eye of the remaining half was uninjected. (**A**) Starting at the day of Ad.hTGF-β2^226/228^ treatment (day 0), animals received daily intraperitoneal injection of 30 mg/kg osthole (*n* = 10) or vehicle (*n* = 6). (**B**) Starting at day 14 of Ad.hTGF-β2^226/228^ treatment when ocular hypertension was established, daily intraperitoneal injection of 30 mg/kg osthole (*n* = 10) or vehicle (*n* = 6) was initiated. Mouse IOP was measured between 2 PM and 4 PM, immediately before intraperitoneal injections. Data are presented as mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 compared with control. \#*P* \< 0.05, \#\#*P* \< 0.01, \#\#\#*P* \< 0.001, compared with Ad.hTGF-β2^226/228^ without osthole by 1-way ANOVA and then least significant difference test. Ost, osthole.](iovs-61-10-38-f006){#fig6}

In addition to this study in which osthole was administered daily starting at day 0, which was before the onset of ocular hypertension, we also tested the drug effect on IOP after Ad.hTGF-β2^226/228^--induced ocular hypertension was established. In this experiment, daily intraperitoneal injection of osthole (30 mg/kg) was initiated on day 14 after Ad.hTGF-β2^226/228^ injection. On day 22, IOP of the Ad.hTGF-β2^226/228^ group was 34.50 ± 0.92 mm Hg (*n* = 6), significantly (*P* \< 0.001) higher than IOP of the control group of the same day. Osthole partially but significantly (*P* \< 0.05) lowered the IOP effect of Ad.hTGF-β2^226/228^ to 23.57 ± 1.09 mm Hg (*n* = 10). Again on day 60, IOP of the Ad.hTGF-β2^226/228^ + osthole group was 24.33 ± 1.42 mm Hg, which was significantly (*P* \< 0.01) lower than that of the Ad.hTGF-β2^226/228^ group (37.17 ± 1.74 mm Hg) ([Fig. 6](#fig6){ref-type="fig"}B). Again, no systemic or ocular adverse effect was observed.

These results indicate that systemic treatment of the mouse with osthole could partially prevent the ocular hypertension caused by the Ad.hTGF-β2^226/228^. More important, osthole also partially reversed the elevated IOP even after it was established 14 days after viral vector injection. The prolonged effect of osthole lasting the whole study period of 60 days suggests that no tachyphylaxis was involved.

Effects of Osthole Treatment on FN, COL-IV, and LN in Mouse TM Tissue {#sec3-4}
---------------------------------------------------------------------

To assess if the IOP effects of Ad.hTGF-β2^226/228^ and osthole were associated with changes in ECM proteins in the mouse TM, we evaluated mRNA levels of FN, COL-IV, and LN in sclera rings containing the TM of treated mice at day 60 after viral vector injection. As shown in [Figure 6](#fig6){ref-type="fig"}, Ad.hTGF-β2^226/228^ significantly (*P* \< 0.05) increased FN mRNA to 3.71 ± 0.26 fold (*n* = 4), COL-IV to 2.37 ± 0.15 fold (*n* = 4), and LN to 3.54 ± 0.25 fold (*n* = 4). These stimulatory effects were partially and significantly (*P* \< 0.05) decreased by osthole treatments, either initiated at day 0 (FN: 1.77 ± 0.53 fold of control, *n* = 3; COL-IV: 0.99 ± 0.22 fold, *n* = 3; LN: 0.96 ± 0.22 fold, *n* = 3) or day 14 (FN: 1.49 ± 0.28 fold, *n* = 3; COL-IV: 1.34 ± 0.12 fold, *n* = 3; LN: 1.28 ± 0.31 fold, *n* = 3). ([Figs. 7](#fig7){ref-type="fig"}A--[7](#fig7){ref-type="fig"}C)

![Effects of Ad.hTGF-β2^226/228^ and osthole on ECM expressions in mouse TM. Expressions of ECM, including FN (**A**), COL-IV (**B**), and LN (**C**) were analyzed by RT-qPCR. β-Action was used as internal control. Data are presented as mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 compared with the Ad.hTGF-β2^226/228^-alone group.](iovs-61-10-38-f007){#fig7}

Discussion {#sec4}
==========

Osthole, a pharmacologically active ingredient isolated from the fruit of *C* *monnieri* and other traditional Chinese herbs, has been shown to have various biological effects, such as hypotensive, antitumor, anti-inflammatory, antioxidative, and lipid modification actions.[@bib16]^--^[@bib21] Importantly, it seems to interact with TGF-β and has antifibrotic actions in many tissues, such as scar fibroblasts,[@bib22] heart,[@bib23]^,^[@bib24] kidney,[@bib25] and liver.[@bib26] TGF-β2 signaling pathway is an important contributor to the pathogenesis of POAG; its level is elevated in the aqueous humor and TM of patients with POAG[@bib10]^,^[@bib30]^--^[@bib32]; it regulates ECM metabolism in the TM[@bib33]^--^[@bib36]; and it induces ocular hypertension by decreasing trabecular outflow facility in both ex vivo perfused human anterior segments[@bib37]^,^[@bib38] and in vivo mouse eyes.[@bib14] Because of the involvement of TGF-β in POAG and the interaction between osthole and TGF-β, we hypothesize that osthole may mitigate some of the TGF-β2 effects by interfering with the TGF-β2 signaling pathway in the TM, which may reduce the accumulation of ECM in the TM, and reduce the cytokine-mediated ocular hypertension. If this hypothesis is proven true, osthole should decrease ECM expression in the TM and lower IOP.

Findings from the present study support our hypothesis and show that osthole decreased TGF-β2--induced expressions of FN, COL-IV, and LN in cultured HTM cells. In addition, osthole decreased mouse ocular hypertension induced by Ad.hTGF-β2^226/228^, which was associated with reduced expressions of FN, COL-IV, and LN in the mouse TM.

Similar to our previous findings,[@bib27] the current study demonstrated that TGF-β2 (5 ng/mL) increased both mRNA and protein levels of fibrosis-related ECM molecules, such as FN, COL-IV, and LN, in cultured HTM cells. In this study, we further demonstrated that the TGF-β2--induced expressions of FN, COL-IV, and LN were decreased by osthole in a concentration-dependent manner between 1 and 10 µM. It is important to note that, at 10 µM, osthole did not significantly affect cell viability or baseline protein levels of FN, COL-IV, and LN. However, at this concentration, osthole decreased the TGF-β2--elevated mRNA levels of the ECM molecules to almost baseline levels. In contrast, under the same study conditions, TGF-β2--elevated protein levels of FN and COL-IV were only partially reduced by osthole, suggesting that the decrease in protein levels lagged behind their decrease in synthesis.

Previous reports indicate that in vitro changes in TGF-β2--associated ECM levels in TM cells correlate with in vivo changes in trabecular outflow facility and consequently IOP.[@bib34] In the present study, in vitro effects of TGF-β2 and osthole on the TM also correlated well with their in vivo effects. Increase in ocular expression of a biologically active TGF-β2 mutant by intravitreal injection of Ad.hTGF-β2^226/228^ in BALB/cJ mice increased mRNA levels of FN, LN, and COL-IV in TM tissue, corresponding with ocular hypertension. Moreover, when the mice were also treated with daily intraperitoneal injections of osthole starting at the same day as Ad.hTGF-β2^226/228^, the vector-induced increase in mRNA levels of ECM molecules in the TM was completely or almost completely eliminated ([Fig. 7](#fig7){ref-type="fig"}). Similarly, vector-induced elevation of IOP was also significantly lowered ([Fig. 6](#fig6){ref-type="fig"}A). However, the IOP was only partial reduced and it did not return completely to baseline as before Ad.hTGF-β2^226/228^ injection. At this time, we do not know the exact reason for the partial reduction, but it is likely that the decrease in ECM protein levels in the TM may lag behind their decrease in synthesis, as seen in results of cultured TM cells. Alternatively, TGF-β2 is known to affect expressions of other cytokines and signaling molecules, which may contribute to IOP elevation. Osthole may also affect these signaling mechanisms and partially counteract the ocular hypertension induced by TGF-β2. Regardless, these findings indicate that osthole was efficacious in ameliorating the ocular hypertensive effect of TGF-β2.

In addition, we demonstrated that osthole could partially reverse the TGF-β2 effect even after IOP elevation was established. As shown in [Figure 6](#fig6){ref-type="fig"}B, administration of osthole starting at 14 days after viral vector injection was efficacious in reducing the TGF-β2--induced ocular hypertension. This result is clinical relevant as it indicates that osthole treatment may be useful in glaucoma patients with an already elevated IOP.

Our results are consistent with previous findings that osthole suppresses TGF-β--induced fibrotic activities and ECM accumulation in various tissues. However, osthole has been shown to have biological effects other than antifibrotic actions. For example, it may inhibit histamine-dependent cell signaling,[@bib39] which may directly or indirectly modify IOP, because histamine is known to affect aqueous humor hydrodynamics and IOP.[@bib40] Currently, the exact pharmacologic mechanism of the ocular hypotensive action of osthole is still not fully elucidated. Nonetheless, osthole treatment did not significantly affect IOP in the control, non--Ad.TGF-treated group. We feel that its effect in the Ad.TGF-induced ocular hypertensive eyes seemed to be specific and was unlikely a result of histamine antagonism. Future mechanistic studies will shed light on this important question.

The current study only assessed osthole\'s IOP effect after intraperitoneal injection, which is definitely not a practical clinical treatment method for glaucoma. Much work in research and development awaits. Formulations for ocular topical administration of this compound are being developed. If sufficient amount of osthole can penetrate the cornea to produce sufficient ocular hypotension with a suitable duration of action and with an acceptable adverse effect profile, it may become a novel addition to the armament of glaucoma therapy.

In summary, this study demonstrated that osthole reduces TGF-β2--induced expression of ECM proteins in cultured HTM cells, and partially lowers TGF-β2--induced elevation of mouse IOP. This natural product may be useful as a novel addition to the medical treatment for POAG.
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